Human exposure to air pollution and especially to nanoparticles is increasing due to the combustion of carbon-based energy vectors. Fibrous filters are among the various types of equipment potentially able to remove particles from the air. Nanofibers are highly effective in this area; however, their utilization is still a challenge due to the lack of studies taking into account both nanoparticle collection efficiency and antibacterial effect. The aim of this work is to produce and evaluate novel silver/polyacrylonitrile (Ag/PAN) electrospun fibers deposited on a nonwoven substrate to be used as air filters to remove nanoparticles from the air and also showing antibacterial activity. In order to determine the optimum manufacturing conditions, the effects of several electrospinning process parameters were analyzed such as solution concentration, collector to needle distance, flow rate, voltage, and duration. Ag/PAN nanofibers were characterized by Xray diffraction (XRD), Transmission Electron Microscopy (TEM), Fourier Transform Infra-Red spectroscopy (FTIR), Energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and Scanning Electron Microscopy (SEM). In addition, filtration performances were determined by measuring the pressure drop and collection efficiency of sodium chloride (NaCl) aerosol particles (9 to 300 nm diameters) using Scanning Mobility Particle Sizers (SMPS). Filters with high filtration efficiency (≈100%) and high-quality factor (≈0.05 Pa -1 ) were obtained even adding different concentrations of Ag nanoparticles (AgNPs) to PAN nanofibers. The resultant Ag/PAN nanofibers showed excellent antibacterial activity against 10 4 CFU/ml E.coli bacteria.
Introduction
Researches related to filter materials with high filtration efficiency and antibacterial activity have received great interest in recent years due to the currently impressive levels of environmental particular matter (PM) pollution and the diseases caused by these particles [1] [2] [3] . It has been reported that bacteria account for more than 80% of the inhalable microorganisms in PM, which are responsible for the transmission of respiratory diseases and allergies [4] , making air filters with bactericidal properties highly desired.
Membrane filtration is nowadays considered to be the most efficient and reliable physical method for protection from air pollutants [5] but filters with low-pressure drop, high-quality factor, and antibacterial properties are still a challenge to be produced. According to Vinh and Kim [6] , filters must be designed to be durable and effective, while maintaining a low-pressure drop, to display a long lifetime, to be easy to handle, to have low production cost and a small package space, and to be flexible for each specific demand. The control over air/waterborne pollutants, hazardous biological agents, as well as allergens, are the main requirements of food, pharmaceuticals and biotechnology industries [7] . Cleanrooms technology could be understood as activities to control and reduce product contamination and often use nanofibers filters to remove unwanted particles from the air. Semiconductor industry has already highlighted the use of this technology, however, automotive and space industry are still discovering the advantages of a certain level of cleanliness over the quality and reliability of the final product [8] .
Different types of fiber filters as conventional, glass fibers, melt-blown and spunbond fibers have been widely used in different air filtration applications but show relatively low filtration efficiency with respect to fine particles due to the materials' microsized fiber diameter and large pore size [9] . Electrospun nanofibrous membranes are among attractive air filters that exhibit fascinating features, including higher molecular orientation fibers and larger tensile strength than films. Recent study demonstrated that electrospun nanofibers showed excellent mechanical properties [10] and thermal stability [11] . Other special properties, such as large specific surface area, high porosity, small pore size, and good interconnected pore structure, which is conducive to the capture of fine particles [10] [11] [12] [13] , provide electrospun polymer nanofibers applications in the filtration and textile fields [16] . Nanofiber membranes demonstrate superior filtration performances compared to the traditional filtration materials [17] by measuring the penetration of sodium chloride (NaCl) nanoparticles [18] , [19] .
Electrospinning is among the numerous methods currently available to produce nanofibers which continues to motivate the development of novel nanotechnology due to their extraordinary properties including small fiber diameters and the concomitant large specific surface areas, as well as the capabilities to control pore size among nanofibers and to incorporate antimicrobial agents at nanoscale [17] [18] [19] .
Nevertheless, this is still a challenge to produce appropriate nanofibers for separation and filtration applications [22] , such as protective masks to capture PM2.5 [23] . Solution concentration, flow rate, collector to needle distance, voltage and duration are analyzed in order to achieve optimum manufacturing conditions of electrospinning. Changing the polymer concentration can vary the solution viscosity and higher viscosity favors formation of fibers without polymer beads. The surface tension is driven toward the formation of the beads and thus, the reduced surface tension will increase the formation of the fibers without beads [24] . Small fiber diameter leads to better filtration efficiency. This explains the dramatically decrease from 98% to 48% of removal efficiencies of PAN air filters when the fiber diameter increased from 200 nm to 1 µm, such as shown by Liu et al. [2] .
Many types of electrospun fibrous membranes (Nylon 6, polyethylene oxide, alumina nanofibers) have been fabricated for air filtration [25] - [27] . Polyacrylonitrile (PAN) is among the various polymeric materials which is widely used for filtration due to easy fiber formation by electrospinning with unique thermal stability, high mechanical properties and good solvent resistance [26] [27] [28] [29] . Usually, nanofibrous membranes have high filtration efficiency for fine particles but also an excessive pressure drop [9] . Choosing a suitable mat to deposit nanofibers is also necessary to achieve resistant and permeable fibrous filter.
It is very important to display antimicrobial properties on the fibrous filter medium, especially when they are used as respiratory protection and for indoor air purification [32] . Silver (Ag) is particularly attractive among metal nanoparticles because of its significant widespread use in biology, antimicrobial properties, optical properties, and oxidative catalysis applications. It is also widely used and recognized as a broad-spectrum biocidal agent which is non-toxic to human cells and effective against bacteria, fungi, and viruses [31] [32] [33] [34] . The antimicrobial activity of silver nanoparticles might be originated from their capability to attach to the surface of cell membranes, thus disturbing permeability and respiration functions of the microbes [37] . The combination of the high specific surface area and fineness of electrospun nanofibers with the biocidal activity of Ag nanoparticles results in a superior and versatile antimicrobial material [38] - [40] . However, nanofibers produced by adding Ag nanoparticles directly into the electrospinning polymer solutions have demonstrated decreased in antimicrobial efficiency due to AgNPs aggregation and subsequently reduced bioavailability [41] . Lala et al. [42] studied different polymers and concluded that PAN acts as a stabilizing agent to inhibit the agglomeration of silver nanoparticles. DMF is used as a solvent and it is also able to reduce Ag ions to the metallic silver even at room temperature and without using any reducing agent [28] , [43] , [44] . Although there are some studies related to Ag/polymer electrospun nanofibers used on catalytic degradation [45] , their application in air filtration is still poorly explored [46] , [47] .
In this paper, we explore the design of uniform Ag/PAN nanofibers with not only bactericidal activity but also with excellent air filtration performance. Silver/polyacrylonitrile (Ag/PAN) fibers were deposited on the nonwoven substrate by electrospinning. In order to determine the optimum manufacturing conditions, the effects of several electrospinning process parameters were analyzed such as solution concentration, collector to needle distance, flow rate, voltage, and duration. Ag/PAN nanofibers were characterized by X-ray diffraction (XDR), Transmission Electron Microscopy (TEM), Fourier Transform Infra-Red spectroscopy (FTIR), Energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS) and Scanning Electron Microscopy (SEM). Viscosity, conductivity, thickness, porosity, permeability and pressure drop were also determined. In addition, filtration performances were determined by measuring the penetration of sodium chloride (NaCl) aerosol particles (9 to 300 nm diameters) using Scanning Mobility Particle Sizers (SMPS). The antibacterial activity against E.coli bacteria of the resultant Ag/PAN nanofibers was also investigated.
Experimental Materials
Polyacrylonitrile (PAN; M w~1 50,000 g/mol; CAS Number 25014- , N,N-Dimethylformamide (DMF; 99.8%; CAS number 68-12-2) and silver nitrate (AgNO 3 ; M w~ 169.87 g/mol; CAS number 7761-88-8) were purchased from Sigma Aldrich. The substrate to collect nanofibers was obtained from Freudenberg and was made by Polyethylene terephthalate (PET) fibers. Sodium chloride (NaCl; 99%; CAS number 7647-14-5) was used to generate nanoparticles to evaluate the removal efficiency and was purchased from Sigma Aldrich.
Methods

Preparation of Ag/PAN nanofibers
Nanofibers were prepared using 9.1 % (w/v) PAN polymer solution. The PAN polymer solution was prepared using dimethylformamide (DMF) as a solvent. After 2 hours of agitation, different percentages of AgNO 3 (0, 1, 10, 50 wt%; w.r.t polymer) were added. Solutions were kept stirring for 48 h protected from light at room temperature to form a homogenous solution. It was possible to notice the color change from colorless to yellow-brown indicating the Ag nanoparticles formation [42] , [48] .
Viscosity and conductivity of the solution was analyzed to comprehend how the addition of AgNPS changed the nanofibers characteristics. Viscosity was measured using a Brookfield viscometer spindle 29 (TC-650, AMETEK Brookfield) and conductivity by an electrical conductivity meter (TEC-4MP, Tecnal). PAN solution containing Ag nanoparticles was loaded in a 12 ml syringe with an attached 0.7 mm diameter needle. A syringe pump (KDS 100, KDScientific) was used to feed the solution in the electrospinning lab-made system [49] . The flow rate of the solution was fixed to 0.2 ml/h and 25 kV power was supplied using a High Voltage Power Supply (T1CP 300 304n-iSeg). PET films wrapped around the rotating machine were used to collect the fibers. The distance between the syringe tip and the collector was kept at 15 cm. Filter media prepared were denoted as 0AgF, 1AgF, 10AgF and 50AgF using 0wt% AgNO 3 , 1wt% AgNO 3 , 10wt% AgNO 3 and 50wt% AgNO 3 , respectively.
Structural and morphological properties of nanofiber filters
Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 370 FTIR spectrometer using an ATR system. Energy-dispersive X-ray spectroscopy analysis (EDX) and elemental mapping were taken with a Zeiss EVO HD15 microscope coupled with an Oxford X-MaxN EDX detector to measure the atomic percentage. XPS analysis was performed using a Thermoelectron ESCALAB 250 device. The X-ray excitation was provided by a monochromatic Al-Kα (hυ=1486.6 eV) source. Scanning electron microscopy (SEM) images were used to understand the morphology of the electrospun fibers using Hitachi S4800, Japan.
The samples were platinum sputter-coated before observing the morphology. Electrospun fibers were deposited on the transmission electron microscopy (TEM) copper grid which is mounted on the fiber collector plate. Fibers deposited on the copper grid was observed using TEM (JEOL 2200 FS) to understand the silver nanoparticle distribution. Concentration of silver in electrospun fibers were quantified using atomic absorption spectrometer (AAnalyst 400, PerkinElmer). Accurately weighed electrospun fibers were sintered at 600°C for 6 hours and dissolved using concentrated Nitric acid. Furthermore, dissolved solution were diluted into 100 mL and employed for measuring silver concentration using AAS. samples were tensile strength of the electrospun fibers was tested using MTS 1/ME instrument, 500N load cell with the crosshead speed of 3 mm/min. Young's modulus were calculated from the linear elastic region of the stress-strain curve. Displacement data were obtained from digital image correlation analysis. Results were averaged from n=7 analysis and the student T test statistical analysis was performed to determine the significant difference between the samples. Thickness was measured using a caliper rule (Starrett) and filters were weighted to compare the mass deposition. Porosity was determined theoretically in order to evaluate the void fraction between the fibers using Ergun (1952) Equation (Eq.01):
where ( ) is the relating gas density, ( ) is the gas viscosity, ( ) is the porosity, ( ) is the filtration superficial velocity, ( ) is the particle diameter and (L) is the thickness of the filter media.
Filter media permeability experiments were performed varying the flow rate from 100 to 1000 mL/min and the pressure drop was measured using a digital manometer (VelociCalc Model 3A-181WP09, TSI) connected to filtration apparatus as shown in Figure 1 , and as described in reference [51] .
Permeability constant ( 1 ) was evaluated using the following equation:
Filtration performance of nanofiber filters
Comparison between the experimental and theory collection efficiency of filter media is made using the following equation [52] :
where the total collection efficiency ( ) is the sum of diffusion ( ), inertial ( ), interception ( ), gravitational ( ) and electrophoretic ( ) mechanisms. Hinds [52] explains better each individual mechanism and the resulting curves of various filtration mechanisms. In his study, it is possible to notice that 6 diffusion is more active for particles smaller than 0.2 µm whereas inertial and interception for particles bigger than 1 µm. Diffusion, inertial and interception are the most important mechanisms in this work and they depend on several parameters as air velocity, fiber and particle diameter, porosity and others. Filtration tests were performed maintaining the surface speed (5 cm/s), the flow rate (1500 ml/min) and the filtration area (5.3 cm 2 ) constant. It was possible to obtain the particle diameters distribution at the beginning of filtration from 5 g/L of NaCl solution. After one hour of filtration, upstream and downstream particle distributions were measured to obtain the efficiency of the filter media using particle analyzer by electric mobility. This process has been repeated three times in order to have an average efficiency and a standard deviation. Quality factor (Q F ) is another representative analyze which measure the performance of the filter media and it was evaluated relating pressure drop to removal efficiency of 100 nm diameter particles as defined by the equation below:
where pressure drop across the filter is represented by ∆P and removal efficiency by .
Bactericidal activity
Antibacterial tests were done with non-pathogenic Gram-negative Escherichia coli bacteria (K12 DSM 423, from DSMZ, Germany). Lysogeny broth (LB) Miller culture medium was used for bacteria cultivation, counting, and agar diffusion tests. For each experiment, a new bacterial suspension was prepared from frozen aliquots of E. coli stored at -20 o C. Firstly, the aliquots were rehydrated in LB medium for 3 hours at 30 o C and 160 rpm stirring. Then, rehydrated aliquots were inoculated into fresh LB medium (5 % v/v) and incubated overnight at 30 o C under constant stirring (160 rpm) to reach the stationary growth phase.
After that, the cultivated bacterial suspensions were collected by centrifugation (10 min at 4000 rpm) and the culture medium was discarded to remove nutrients from the LB medium. The recovered pellets were ] < 2 mg/L) to avoid further bacterial growth. The absorbance of the bacterial suspension was measured at 600 nm to assess the bacterial concentration according to a calibration curve obtained previously at the Laboratory. The bacterial cells were finally diluted in spring water to obtain bacterial concentrations ranging from 10 8 to 10 3 CFU/mL. In order to assess the biocide action of the Ag/PAN material surface, contact tests were first carried out on agar plates. A small volume (40 µL) of a bacterial suspension at about 10 3 CFU/mL was deposited respectively on sterile PAN and on Ag/PAN (with Ag 1wt%); the material pieces having the same size (2.25 cm 2 ). The materials were then put in contact with a nutritive LB agar for 6 h and removed.
The plates were incubated overnight at 37°C to allow the bacterial colonies to grow and the colonies were thereafter counted, knowing that each colony stemmed from one initial bacterium. A blank was simultaneously done and consisted in depositing the bacterial suspension directly on the LB agar. Each test was triplicated.
Liquid tests were also performed to complete the antibacterial characterization of the nanofibers.
Reactors used for the liquid bactericidal tests were 10 mL-glass tubes equipped with a breathable cap. For each test, reactors were filled with 10 mL of the bacterial suspension and a piece of Ag/PAN material (2.25 cm 2 ) was immersed inside the bacterial suspension. Reactors were then incubated for 5 hours, at room temperature (20 ± 2°C) and under constant stirring (160 rpm), protected from light by an aluminum foil.
Control reactors were carried out simultaneously: (i) with bacteria solely (i.e. without material) and (ii) with a piece of PAN (2.25 cm 2 ) that was prior disinfected by UVC irradiation for 30 min. The bacterial concentrations were monitored in the reactor by plaque assay method and their growth was correlated to the bactericidal performances of the material.
For the plaque assay method, each sample was immediately diluted in 0.9% saline solution (NaCl) to neutralize the effect of any Ag(+) that might have been released from the material. Each dilution was spread onto specific nutrient agar and incubated overnight at 37°C. Once the bacteria had grown on plates, the colonies were counted. All experiments were performed twice and the concentrations of bacteria in the sample were calculated as the average of the number of colonies divided by the volumes inoculated on the specific agar, with the corresponding dilution factor taken into account. The quantification limit was Microscopy (SEM), Fourier-transform infrared (FTIR), Energy-dispersive X-ray spectroscopy (EDX) and Xray photoelectron spectroscopy (XPS). Thickness, porosity, permeability and pressure drop were also determined. In addition, filtration performance tests, quality factor, and bactericidal activity were evaluated. AgNPs generally have two different effects on the nanofiber diameter. Firstly, the nanoparticles can increase the fiber diameter due to an addition of new material into the polymer matrix or to the agglomeration of the NPs in the nanofibers. Secondly, nanoparticles can also decrease the fiber diameter because of an increase of conductivity of the jet during the electrospinning leading to thinner nanofiber. In our case, we can assume that the addition of AgNPs caused first an increase of fibers diameter for the 10AgF filter following by a decrease of the diameter for the 50AgF fibers filter due to the influence of the conductivity and the viscosity of the solutions.
Structural and morphological properties
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In order to confirm this assumption, solution conductivity was measured with different amounts of AgNO 3 . The values of conductivity obtained were 0.09, 0.18, 0.50 and 2.11 mS/cm for 0AgF, 1AgF, 10AgF
and 50AgF, respectively. The solution viscosity could be also responsible for the change of the electrospun nanofibers development. The measured viscosity for 0AgF was 471 cP (25 o C) while 933 cP was obtained for the 50AgF solution. We should notice here that a very high viscosity results in the hard ejection of jets from solution [55] . In conclusion, the conductivity and the viscosity are much higher for 50AgF filter causing thinner and lighter fibers layers deposition in comparison to the 10AgF Filter. The solution viscosity of 1AgF and 10AgF were also measured to be 475 cP and 522 cP, respectively. We can assume here that the competition between viscosity and conductivity is responsible for the increase of the diameter of the electrospun nanofibers for the 10AgF filter in comparison to 0AgF, 1AgF, and 50AgF filters. FTIR spectroscopy was used to identify the presence of functional groups on Ag/PAN nanofibers. Figure S2 shows FTIR spectra of PAN nanofibers without and with silver nanoparticles in the range of 4000-700 cm -1 . FTIR spectra of PAN fibers display characteristic peaks such as the stretching vibration of nitrile groups (-CN-) at 2240 cm -1 and methylene (-CH 2 -) at 2930 and bending vibration of methylene (-CH 2 ) at 1450 cm -1 and methyl (-CH 3 ) in CCH 3 at 1369 cm -1 [46] . No significant difference is observed when silver nanoparticles were introducing inside the nanofibers.
An Energy dispersive X-ray spectroscopy (EDX) of Ag/PAN nanofibers recorded along with elemental analysis is presented in Table 2 . The EDX analysis reveals the atomic percentage of Ag for the above-described fibers. The results show an increase of silver atomic percentage with the increase of AgNO 3 into the PAN solution. Figure S3 shows elemental mapping images of 1AgF, 10AgF, and 50AgF filters. The particles are also evenly distributed over the entire area of the sample confirming the good dispersion of Ag particles in PAN nanofibers. Based on these data, Ag/PAN nanofibers were successfully fabricated and deposited in PET substrate using the electrospinning method to produce air filters. We can notice in Table 2 that the atomic percentages of silver in the obtained filters are much lower than the percentages introduced in 
XPS was also used to analyze the reduction of AgNPs in PAN nanofibers. First, the surface of PAN filter was evaluated ( Figure 3A) . The results show the fully scanned spectra in the range of 0-1100 eV from a 500 µm diameter. The background signal was removed using the Shirley (1972) method. The surface atomic concentrations were determined from photoelectron peaks areas using atomic sensitivity factor reported by Scofield [59] . Binding energies (BE) of all core levels were referred to the C-C of C 1s carbon at 284.72 eV.
50AgF electrospun nanofibers were also analyzed in the same conditions ( Figure 3B ). The overview spectra demonstrate that C, Ag, O, and N atoms are present in the Ag NPs/PAN nanofibers. Figure 3C shows the photoelectron spectrum of Ag 3d. Two peaks are detected at 368.25, 374.25 eV correspond to Ag 3d5/2 and Ag 3d3/2 binding energies, respectively [60] [61] [62] . Therefore, the XPS results confirmed that Ag+ ions initially present in Ag/PAN solution was reduced to Ag metallic nanoparticles using DMF/PAN solution. Silver concentration in the electrospun fibers were quantified using AAS (Table S1 ), which are found to be 0, 57.4
and 287.6 mg/g of electrospun fibers for 0AgF, 10AgF and 50AgF samples respectively. Distribution of nanoparticles in the PAN electrospun fibers was observed using TEM analysis and shown in Figure 4 (a, b) . The distributions of silver nanoparticles are marked using the arrows (Figure 4b inset images) and higher magnification TEM images of 0AgF and 10AgF were provided in the Figure S4 .
TEM image of 10AgF shows that the silver nanoparticles are distributed uniformly throughout the fibrous matrix. However, silver nanoparticles distributed on the surface of the fibers were mainly playing a key role in the antibacterial activity of the electrospun mats. Histogram of silver nanoparticles size distribution were provided (inset image of Figure S4 ) and shows that the silver nanoparticles are below 5 nm. Silver nanoparticles are below 5 nm in size and are uniformly distributed throughout the fibrous matrix. Mechanical properties such as Young's modulus, tensile stress at break and tensile strain at break were calculated and shown as well in Figure 4 (c, d, e ). The results obtained from a minimum 7 trials were averaged and reported. Young's modulus was calculated from the linear elastic region of the stress-strain curve. We note here that the size of the electrospun fibers is an important parameter that contributes to the mechanical properties of the electrospun mats. SEM images (Figure 2 ) evidenced that 0AgF and 50 AgF display no significant difference in their fiber diameter, for this reason, these 2 samples were chosen in order to compare their mechanical properties. Young's modulus and tensile stress at the break for 50AgF sample were improved significantly in comparison to 0AgF sample which proves again that the silver NPs are well dispersed inside the PAN nanofibers and they are involved in the effective reinforcement of the polymer matrix. We noted here that the filter maintains the structural stability during filtration tests. The crystallinity of the silver nanoparticles was also analyzed using X-ray diffraction analysis and are shown in Figure S1 . The peak of 0AgF observed at 17° corresponds to (110) plan of PAN. Crystalline peak corresponds to silver nanoparticles were absent in all samples (1AgF, 10AgF, and 50AgF) which is due to the small size (<5nm) of silver nanoparticles. In the following section, pressure drop and permeability of the filters will be characterized.
Permeability and pressure drop of nanofiber filters
One way to make the air filter more efficient in filtering out aerosol is to make it more permeable by reducing the pressure drop. The superficial velocity was varied from 0.3 to 3 cm/s and the pressure drop (ΔP) of 0AgF, 1AgF, 10AgF, 50AgF as well as the substrate S was measured using a digital manometer (Figure ) .
It is possible to note that the substrate used (S) has no significant effect on the pressure drop. Therefore, the mats used do not interfere with the performance of the filter. The deposition of PAN nanofibers (0AgF) by electrospinning will raise the pressure drop. This could be attributed to the fact that increasing the nanofiber layers on the substrate will decrease the void space hindering the air flow through the filter. The addition of AgNPS to the PAN nanofibers will cause a further increase of the pressure drop for the 1AgF and 10AgF filter. In fact, as demonstrated before, the increase of silver amount in the solution will lead to a rise in the viscosity, which then increases the chain entanglement among the polymer chains. These chain entanglements overcome the surface tension and ultimately result in uniform beadless electrospun nanofibers [56] . This explains the higher-pressure drop for 1AgF and 10AgF comparing to 0AgF.
On the contrary, 50AgF filter had lower pressure drop (68Pa) when compared to 0AgF, 1AgF and 10AgF filters. Fong et al. [24] proposed that fiber formation is dependent on the balance of forces caused by surface tension, density of net charges on the jet, and solution viscosity. The solution viscosity is the root cause of changes to the electrospun fiber morphology [57] . It can be also mentioned that increasing Ag concentration (0 to 50%) consequently changes the solution viscosity (471 to 933 cP). Therefore, 50AgF
filter had lower pressure drop due to its high Ag concentration in solution resulting in low nanofibers deposition rate on the collector (as explained in the previous section). In fact, increasing the concentration beyond a critical value will hinder the solution flow through the needle tip [58] . Consequently, 50AgF has a higher permeability constant ( 1 ) comparing to the other filters due to the lower pressure drop of this filter at 0.03 m/s ( ). Therefore, the air passed through 50AgF filter easier and had lower pressure drop (68Pa).
This result suggests that a large increase of nanoparticles concentration into PAN solution decreases the pressure drop such as the aforementioned [21] , [59] . respectively, are presented in Table 4 . According to classic filtration theory, lower superficial velocity is used in air filtration experiments due to diffusion capture mechanism of small particles at this velocity.
Porosity measured by theory is related to pressure drop, thickness, superficial velocity, and fiber diameter.
Permeability constant and porosity values obtained in this work are in agreement with those reported by Barhate et al. [19] . They investigated the structural and transport properties of an electrospun membrane in relation to the processing parameters in order to understand the distribution, deposition, and orientation of nanofibers in the nanofibrous filtering media. They also used Darcy's equation to measure permeability.
Porosity was estimated by the weight and volume of the sample. Even using a different method from them, similar porosity (≈96%) was obtained when added a different amount of AgNPs to PAN solution. 
Filtration performance of nanofiber filters
Nanoparticles distribution were generated from 5 g/L of NaCl solution in the range of 9 to 300 nm using atomizer aerosol generator and achieved the same standard particle size distribution curve for both filters analyzed (Figure ) . There are many studies related to the bactericidal activity of Ag/Polymer but no one linked to air filtration. Figure A shows the efficiency to remove nanoparticles (9 -300 nm) from the air using PAN (0AgF), Zhu et al. [60] and showed low filtration efficiency for fine airborne nanoparticles (0.1 -0.5 μm) because the pores size formed with micrometer-scale fibers are fairly large [58 -59] . Although some nonwoven filtration materials exhibit good filtering performance for micrometer-level particles, their performance is still far from satisfactory for sub-micrometer PM and for bacterial filtration. To improve the filtration efficiency of the traditional filter media, it is necessary to create thicker media. The filtration efficiency of common fibrous filter grows with the increase of layers deposition, which is directly proportional to the air pressure drop.
This explains the fact that 0AgF, 1AgF and 10AgF filter got a higher filtration efficiency (≈100%) and also higher air pressure drop (≈200 Pa). Thus, in order to achieve high filtration efficiency, a higher pressure drop is inevitable for general air filters-an effect that causes large energy losses [66] [67] .
Looking closer from and 50AgF) comparing to the theory. Therefore, the results show that 50AgF was less efficient compared to the other filters because of the relatively low specific surface area but even that got efficiency above 98.6%.
The characteristic penetration curve of 50AgF is similar to the total curve of various filtration mechanisms studied by Hinds [52] . Three main mechanisms to determine filter's efficiency versus particle size known such as interception, inertial impaction, and diffusion were analyzed in order to explain the behavior of the filtration efficiency curves. These mechanisms were also reviewed by Lv et al. [65] to evaluate the filtration efficiency of the electrospun filters. Large particles above 0.4 µm in diameter will be captured due to both impaction and interception mechanisms. Generally, medium particles in the 0.1 to 0.4 µm diameter range are considered as the most penetrating and are captured by both diffusion and interception filtration mechanisms.
Small particles below 0.1 µm in diameter are captured by the diffusion mechanism. A fibrous filter is generally less effective at removing particles in the 0.1 µm to 0.4 µm particle diameter range. Particles between this range are therefore too large for effective diffusion and too small for inertial impaction and interception, hence the filter's efficiency drops within this range [66] . This can also be used to measure the total collection efficiency of the filter media of European Standard by summing diffusion, interception, inertial and gravitational mechanisms. Diffusion is predominant among the collection mechanisms. It is possible to note that experimental efficiency curve is very similar to the literature efficiency curve from
Hinds [52] . A small deviation is related to the parameters used to measure the efficiency such as fiber and particle diameter, thickness and porosity. Quality factor (Q F ) is another factor to analyze the performance of the filter media and the values related to 100 nm particles diameter are shown in Table 5 . Higher Q F means a filter with great filtration efficiency and lower pressure drop. For this reason, 50AgF had the highest Q F as a result of the lower pressure drop (68Pa) and also great efficiency (>98.65%) to remove nanoparticles (9-300 nm) from the air. A limited number of studies based on filtration theory have already investigated the quality factor effect of nanofibers filters [17] , [71] [72] [73] . Comparing these studies, it is possible to note that the filters reported in this study are composed of PAN material of small fibers diameter that probably explains the high-quality factor. In addition, a very high filtration efficiency (approximately 100% filtration efficiency) in the range of 9 to 300 nm aerosol particles diameters and quality factor (0.05) were reached by our PAN/Ag NPs filter in comparison to commercial filters (filtration efficiency less than 80% and quality factor of 0.02) reported elsewhere [17] , [70] , [71] . It should be noted that the face velocity, particle size, and material composition may be different in the aforementioned studies. Therefore, caution should be exercised when comparing the data. Wang et al. [9] reported high filtration efficiency (99.972%), low pressure drop (57 Pa), satisfactory quality factor (0.14 Pa -1 ). However, 300-500 nm mass-average particular particle size was used in their study. Usually, it is easier to remove microparticles from the air when comparing to nanoparticles.
Another difference in this work is that nanoparticles in the range of 9 to 300 nm were used. This particle size is the most difficult to remove besides it causes many diseases. This work highlights great results of quality factor (0.05 Pa -1 ) even using nanoparticles to simulate air contamination. Filter media reached similar quality factor compared to other studies with PAN filters even adding Ag nanoparticles to PAN nanofibers.
Moreover, the filters produced in this work, besides to be efficient to remove nanoparticles, can also avoid bacteria growing.
According to European Union Standard for both HEPA and ULPA filters -EN 1822 [72] , 0AgF
filter media could be easily promoted as H13 (High-Efficiency Particulate Air Filters -HEPA > 99.95% collection efficiency), 1AgF and 10AgF as E12 (Efficiency Particulate Air Filters -EPA > 99.5% collection efficiency) and 50AgF as E11 (EPA > 95% collection efficiency). As stated by ISO Cleanroom Standards, 0AgF, 1AgF, and 10AgF are classified as ISO Class 3, and 50AgF as ISO Class 4 because exceeded the limits of the maximum concentration (1000 particles/m 3 of air) for particles of 0.1 µm in diameter.
Bactericidal activity
In order to assess the antibacterial properties of Ag/PAN nanofiber surfaces, agar contact tests were first carried out with 1AgF and PAN solely ( Table 6 ). Results of Table 6 evidence a colony decrease for PAN solely (25 vs 87). As PAN alone was not reported to have bactericidal activity, bacterial adsorption onto the PAN pieces is thus supposed. Moreover, the 1AgF surface was able to deactivate nearly all the bacteria that were put in contact with the material after 6 h-contact; over the triplicates, only a trial exhibited a colony whereas the two others showed no colonies.
This result underlines the efficient bactericidal activity of the Ag/PAN nanofibers that contains the lowest Ag content tested (1wt% Ag/PAN).
Liquid bactericidal tests were also carried out to (i) expose the material to higher bacterial concentrations (up to 10 8 CFU/mL) and (ii) to assess silver nanoparticle release from the material. We should notice here that against 10 8 CFU/mL, only 50AgF deactivated all the bacteria. This result is consistent with the fact that antibacterial action depends on key factors: nature and concentration of the antibacterial agent, bacteria type and concentration, and contact time between the bacteria and the antibacterial agent. So, 50AgF is more efficient than the other filters when the higher concentration was used (10 8 CFU/ml) due to the highest Ag concentration.
Atomic Absorption Spectroscopy (AAS) was done to assay total Ag concentration in the suspensions that were recovered after 5 h-bactericidal tests. Figure 9 gives the concentrations measured. As demonstrated by XPS analyses, silver was reduced to Ag(0) and the silver released is thus expected to be silver metallic nanoparticles (AgNPs). Samples were either analyzed directly or pre-filtrated over 0.2 µm-filter. Whatever the material, Figure 9 shows that the filtration step has no incidence on the concentrations measured, meaning that AgNPs have diameters lower than 200 nm. This result is in accordance with SEM images ( Figure 2) where AgNPs were not visible, probably due to the fact that these nanoparticles have diameters lower than 50 nm.
For 1AgF and 10AgF materials, the silver concentration does not exceed 0.13 mg/L (i.e. 1,3 µg),
suggesting that the material surface should be mainly responsible for the biocide effect. Moreover, the concentration released remains very close to the upper silver limit authorized in drinking waters (i.e. 0.1 mg/L) [74] , which opens ways to new applications for these filters. For 50AgF nanofibers, the silver 22 concentration is much more important (about 2.4 mg/L), which does not exclude an antibacterial action coming from the released AgNPs in addition to the surface one. The log-removal is defined as the logarithm (base 10) ratio of the bacterial concentration C(CFU/mL) measured after 5 h-reaction to the initial bacterial concentration C 0 (CFU/mL). A log-removal value of -log (C 0 ) is attributed to the particular case of total removal. One log removal, which corresponds to a bacterial reduction of 90%, is usually admitted as the minimal value allowing to evidence a biocide effect [73] We should note here that antibacterial action depends on a wide range of factors, including nature, size, shape, and concentration of the antibacterial agent [75] , [76] . It is also important to analyze the type and concentration of the bacteria and contact time between the bacteria and the antibacterial agent [77] . Smaller size nanoparticles (<5 nm) of spherical shape display high surface area compared to large size particles (above 50 nm) and facilitates the antibacterial activity [75] . Lv et al. [78] showed for instance antibacterial activity of the electrospun nanofibrous membranes loaded with small size nanoparticles. However, literature results on silver nanoparticles shape dependent antibacterial activities are inconsistent. Kim et al. provided antibacterial activity of different shape of silver nanoparticles. They demonstrate that the antibacterial activity will decrease as follows: plates > spheres >cubes [76] . However, Pal et al. [79] demonstrated that truncated triangular silver nanoparticles are better than spherical and rod-shaped silver nanoparticles. In this study, silver nanoparticles have a spherical shape and a diameter smaller than 5 nm which are advantageous to improve the antibacterial activity.
From the obtained results, the significant improvement of filtration performance reveals that the deposition of AgNPs in PAN solution to produce electrospun nanofibers is an efficient way to enhance the fibrous filter media, which can meet the requirement of an efficient filter to remove nanoparticles from the air and to be used as a bactericidal material as well. The results show that 1AgF and 10AgF had similar data of porosity, permeability and filtration efficiency as well as antibacterial activity. 50AgF has the lowest pressure drop and the highest porosity and permeability. However, this filter media has lower filtration efficiency (>98.6%) comparing to the other filters (≈100%). Moreover, 50AgF exhibits the highest bactericidal activity when 10 8 CFU/ml initial bacterial concentration was used but high AgNPs release was observed.
Conclusions
Electrospinning was shown to be effective nanotechnology to successfully prepare Ag/PAN electrospun nanofibers with different concentrations of AgNO 3 in the solution. Viscosity and conductivity went up when increased AgNPs in the solution. XDR, TEM, FTIR, EDX, XPS, SEM images demonstrated the formation of Ag nanoparticles and their uniform dispersion in the nanofiber filters. Ag/PAN filters were also characterized by a thickness, porosity, pressure drop, and permeability, and showed that the air can easily pass through the filter with low-pressure drop. The results showed that 1AgF and 10AgF had similar data of porosity (96%), permeability (4.58E -13 m 2 ), filtration efficiency (≈100%), quality factor (0.04 Pa -1 ) and bactericidal activity against 10 4 CFU/ml initial bacterial concentrations (100%). Therefore, comparing these two filters, adding just 1wt%AgNO 3 in PAN solution was sufficient to achieve great filtration efficiency and antibacterial activity, in addition to its lowest price due to less quantity of AgNPs used.
However, the filters had a lower pressure drop and higher permeability when 50%AgNPs were added in PAN solution. This filter media had the lowest filtration efficiency (>98.6%) comparing to filters aforementioned but even so, 50AgF had a great efficiency to remove nanoparticles from the air which is considerate as E11 (EPA > 95% collection efficiency) according to EN 1822 [72] . Nevertheless, 50AgF had the highest quality factor which means that this filter had low-pressure drop and high filtration efficiency. In general, filters achieved high efficiency (≈100%) to remove nanoparticles in the range of 9 to 300 nm and high-quality factor (≈0.05 Pa -1 ) even adding Ag nanoparticles to PAN nanofibers. 50AgF was highly efficient to kill bacteria when 10 8 CFU/ml initial bacteria concentrations were used. Then, the resultant Ag/PAN nanofibers showed excellent antibacterial activity depending on the initial E. coli bacteria concentrations. Our finding suggests that Ag/PAN nanofiber media could be widely applied in air filtration applications to remove nanoparticles from the air and also efficient to deactivate bacteria. These filters were developed to be resistant, economic and could be produced in large scale. They could be used as individual protection (masks), cleanroom (biomedical, electronics, pharmaceutical, automotive) and indoor air purification (airline cabin).
2 Figure S1 -XRD patterns of PAN and silver nanoparticles incorporated electrospun fibers FTIR spectroscopy was used to identify the presence of functional groups on Ag/PAN nanofibers. Figure Figure S shows FTIR spectra of PAN nanofibers without and with silver nanoparticles in the range of 4000-700 cm -1 . No significant difference is observed when silver nanoparticles were introducing inside the nanofibers. Energy dispersive X-ray spectroscopy based elemental mapping (EDX) were also performed to support the distribution of silver nanoparticles and are shown in Figure S3 . EDX confirms that the silver is distributed uniformly throughout the PAN fibrous matrix. a b c Figure S3 -Elemental mapping images of Ag/PAN nanofibers a) 1AgF b) 10AgF c) 50AgF
Higher magnification TEM images of 0AgF and 50AgF were provided in the Figure S4 . TEM image of 50AgF shows that the silver nanoparticles are distributed uniformly throughout the fibrous matrix. Histogram of silver nanoparticles size distribution were provided (inset image of 50AgF) and shows that the silver nanoparticles are below 5nm. 
